Background Valve areas derived by the Gorlin formula have been observed to vary with transvalvular volume flow rate. Continuity equation valve areas calculated from Doppler-echo data have become a widely used alternate index of stenosis severity, but it is unclear whether continuity equation valve areas also vary with volume flow rate. This study was designed to investigate the effects of changing transvalvular volume flow rate on aortic valve areas calculated using both the Gorlin formula and the continuity equation in a model of chronic valvular aortic stenosis.
Methods and Results Using a canine model of chronic valvular aortic stenosis in which anatomy and hemodynamics are similar to those of degenerative aortic stenosis, each subject (n=8) underwent three studies at 2-week intervals. In each study, transvalvular volume flow rates were altered with saline or dobutamine infusion (mean, 10.3±5.1 flow rates per study). Simultaneous measurements were made of hemodynamics using micromanometer-tipped catheters, of ascending aortic instantaneous volume flow rate using a transit-time flowmeter, and of left ventricular outflow and aortic jet velocity curves using Doppler echocardiography. Valve areas were calculated from the invasive data by the 
Methods
All studies were approved by our institutional Animal Care Committee and were performed in accordance with National Institutes of Health guidelines.
Chronic Valvular Aortic Stenosis Model
Using a previously described protocol,'9 8 adult mongrel dogs (weight, 18 to 24 kg) of either sex were tranquilized with thiamylal sodium (18 mg/kg) and anesthetized with halothanediethyl ether azeotrope in 95% O2/5% CO2. After intubation, positive-pressure ventilation was delivered with a constant volume respirator at 20 mL/kg and 20 breaths per minute. Transfemoral arterial and venous polyethylene catheters were placed for hemodynamic monitoring, arterial sampling, and fluid administration. The ECG and arterial pressure were monitored continuously. Hypothermia was induced with direct surface cooling by ice water immersion and was monitored continuously by rectal temperature. Low molecular weight dextran (1 g/kg) was administered between 35°C and 25°C to reduce platelet aggregation. Cooling was terminated at 25°C to allow for thoracotomy and circulatory arrest.
Under sterile technique, a right thoracotomy was performed at the fourth interspace, and the pericardium was incised. The anterior parietal pericardium was excised to be used later to cover the obstructing masses used in creating valvular stenosis. Total circulatory arrest was induced at 21°C and was achieved by inflow and outflow occlusion of the great vessels followed by cardioplegia with cold Young's solution injected into the aortic root. An S-shaped aortotomy was performed, and three subcoronary obstructing masses were sutured with 3. There was no evidence of congestive heart failure.
Study Protocol
After aortic stenosis induction, each subject underwent simultaneous Doppler-echo examinations and cardiac catheterization at 2-week intervals for a total of three studies per subject (6-week follow-up). General anesthesia with 1% halothane was used to avoid subject discomfort and activity during the study. A high-fidelity, dual-sensor micromanometer pressure catheter (Millar SPC 780C, Houston, Tex) with sensors 5 cm apart was calibrated and inserted via the carotid artery and advanced across the aortic valve under fluoroscopic guidance. The catheter was manipulated to avoid left ventricular sensor entrapment and to obtain artifact-free aortic pressure tracings and was used to measure simultaneous aortic and left ventricular pressures. Aortic regurgitation was detected by color-flow Doppler in all subjects when the catheter straddled the aortic valve. In only 1 subject was the regurgitation moderate in severity. The remaining subjects had either trivial or mild aortic insufficiency. Volume flow rates were measured by accessing the flow probe cable through an incision in the subcutaneous pocket and connecting to the flowmeter (Transonics TiOlD). The 5) . The slopes of the regression line derived for percent increase in Doppler-echo continuity equation valve area, calculated from the valve area at the smallest mean transvalvular flow rate, versus percent increase in transit-time mean flow rate, calculated from the smallest flow rate in each study, ranged from -0.14 to 5.48 (median slope, 0.22) (Fig 6) . Thus The change in Gorlin equation valve areas may result in part from a "true" change in anatomic area. Video images of in vitro pulsatile flow models have documented that valve orifice area does increase with increasing volume flow rate,1425-28 presumably because greater flow-mediated forces are delivered to a nonrigid valve.13 However, elaborate in vitro studies using inflexible orifices also have documented changes in Gorlin valve areas with altered volume flow rate.14'5 Two components of the Gorlin constant, the coefficients of velocity and orifice contraction, have been found to vary with volume flow rate15 in addition to orifice area, eccentricity, and inlet geometry.24 Assuming that these coefficients are constant despite varying flow conditions results in changes in Gorlin valve area that may not represent actual changes in anatomic valve area. Presumably, increases in volume flow rate may affect the discharge coefficients directly or may indirectly modify their value by altering valve geometry. However, it seems unlikely that the changes in Gorlin valve area that we observed were due solely to changes in discharge coefficients, because similar changes were observed for valve areas calculated by the continuity equation.
The large number of volume flow rates performed in this study allowed us to assess the relation between changes in valve area and changes in transvalvular volume flow rate. Previous in vitro flow models have described a linear relation for normal native aortic and bioprosthetic orifice areas measured by video analySiS27,28 or calculated by the Gorlin equation.17 Similarly, a linear relation has been described for small numbers of in vitro stenotic native aortic and bioprosthetic orifice areas also measured by video analysis2627 or by the Gorlin equation.14 However, results have been inconsistent. 28 The current study provides strong evidence for a linear relation of Gorlin valve areas and transvalvular flow rate in vivo. The slope of the Gorlin valve area-flow relation was observed to vary both between subjects and ..''.......................'' ........... ...... In this model, the severity of stenosis created was in the range of severe aortic stenosis for human subjects.
However, several observations suggest that flow dependence of either valve area technique will occur over the spectrum of mild to severe aortic stenosis. First, we did not observe a relation between the initial valve area and the slope of the valve area-transvalvular volume flow rate relation in our experimental model. In addition, both in vitro and in vivo studies have demonstrated flow dependence of Gorlin7'14725 and continuity equation valve areas1'729 in the presence of milder degrees of stenotic native aortic valves and bioprostheses. Clinical Implications
The absolute changes in valve area calculated by both Gorlin and continuity equations are small, and the clinical importance of these observations is as yet undetermined. It appears unlikely that the 0.14-cm2 change in valve area observed with Gorlin and continuity equations would have a significant effect on clinical decision making. However, this also represents a mean 33% and 30% increase in valve area, respectively, with a mean doubling in transvalvular volume flow rate, or a mean 24% and 20% decrease in valve area, respectively, with a halving of transvalvular flow rate. Should further study demonstrate that observed percent changes in valve area are maintained at larger valve areas, flow dependence of calculated valve areas may have significant effects on clinical decision making. In accordance with current clinical experience, both Gorlin and continuity equation valve areas may be difficult to interpret in patients with reduced transvalvular flow associated with left ventricular dysfunction (coronary artery disease, cardiomyopathy). Clinical decision making may be further complicated when symptom etiology is unclear. Importantly, significant variability was observed in the response of individual valves to changing volume flow rate. Large increases in calculated areas were observed with some valves, whereas others appeared relatively rigid.
Conclusions
In this chronic model of valvular aortic stenosis, valve areas derived by either the Gorlin equation or the Doppler-echo continuity equation were flow-dependent indices of stenosis severity. Changes in transvalvular volume flow rate resulted in linear changes in Gorlin and continuity equation valve areas. This relation has potential clinical implications for the assessment of hemodynamic severity using either technique in patients with degenerative valvular aortic stenosis.
